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論 文 内 容 要 旨          
Graphene has been intensively investigated as a material for components used in optoelectronic 
applications such as transparent electrodes, sensors, solar cells, and transistors, due to its outstanding 
transport and optical properties centered on its ultrahigh electron mobility and optical transparency. Its high 
mechanical compliance further opens applications for flexible devices. A number of research projects have 
focused on the development of graphene as a flexible transparent electrode material for OLED technologies 
to replace the brittle indium tin oxide (ITO) used in conventional electrodes. Despite these efforts, various 
challenges still remain to be overcome in the use of graphene in flexible OLEDs. The major issues are the 
degradation in efficiency, caused by reduced light extraction and substantial light absorption within 
graphene, and the difficulty in achieving residue free graphene film pixel arrays with sufficient geometrical 
precision in large scale. This study aims to solve these two problems.  
To overcome the efficiency issue, an internal random scattering layer has been introduced to extract the 
light produced in the organic layer. Also, the number of layers in the graphene electrode has been reduced to 
minimize the light absorption within the graphene layers as shown in Fig. 1. Electrically, the 
graphene-OLEDs with and without the scattering layer exhibited similar current density (J)–voltage (V) 
characteristics with low leakage current levels and on/off current ratios higher than 108 (Fig 2(a) and (b)). 
This high electrical stability is ascribed to the low surface roughness of the scattering layer (Ra ~0.4 nm) 
after the planarization process (Fig 1(c)). Optically, the introduction of the scattering layer between the 
substrate and the single layer-graphene anode was found to enhance the external quantum efficiency (EQE) 
and luminous efficacy (LE) by more than 50% (Fig. 2(c)). This improvement is due to the scattering effect 
and the reduction in the optical absorption of the graphene anode in OLED. As a result, we succeeded in the 
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fabrication of graphene-OLEDs having efficiencies comparable to those of conventional OLEDs with oxide 
anodes. Furthermore, the angular electroluminance (EL) spectrum variations were stabilized, which is 
difficult to achieve using the conventional OLEDs with microcavity designs.  
To overcome the patterning issue, a new method, the liquid bridge treatment, has been developed to 
improve the adhesion of graphene on the substrate. The weak adhesion of graphene against the supporting 
layers was found to impede the formation of accurate graphene pattern by causing damages to graphene 
during the photolithographic patterning process. Using the new method, the effective adhesion energy of the 
graphene film was improved by a factor of around two as compared to that of pristine graphene film as 
shown in Fig. 3. By combining the photolithographic patterning with this liquid bridge treatment, an 
accurate patterning with sufficient dimensional precision and without surface contaminants has been 
realized. Also, the OLED using the graphene electrode patterned with this method exhibited a stable 
electrical and optical performance (Fig. 3(a) and (b)). A two-color graphene-OLED panel has been 
successfully demonstrated on a glass substrate (Fig. 3(c) and a flexible graphene-OLED panel on a polyimide 
film as well. Graphene pixel was defined by the new patterning process, which yielded the pixel size of 170  
250 m2 for both of the devices.  
We believe that our result is an important precursor toward graphene-OLED applications. Our results 
strongly suggest direct applications of graphene not only in conventional displays but also in flexible and/or 















 Fig.1 Schematic of graphene-OLED with the scattering layer (a), SEM image of the nanostructure without 
(b) and with (c) the planarization layer. 
 
 
Fig.2 Comparison of electrical, optical and efficiency characteristics of graphene-OLED with and without the 
scattering layer; J-V characteristics and EL spectra [(a) and (b)], and EQE (c). The number of graphene 
layers was varied as one, two, and four. 
 
 
Fig.3 Surface morphology of graphene film before (a) and after (b) the liquid bridge treatment. Its effective 
adhesion energy (histogram) and the average surface roughness (diamonds) are shown in (c). 
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 Fig.4 (a) Actual image of the fabricated backplane OLED with graphene film pixels. (b) A SEM image of the 
graphene film pixel including the electrical pad, via hole and addressing metal line. (c) Two-color OLED with 
pixelated graphene films as the transparent electrode. 
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